The electrical transport properties of anodically grown TiO2 nanotubes was investigated. Amorphous nanotubes were anodically grown on titanium foil and transformed through annealing into the anatase phase. Amorphous and polycrystalline single nanotubes were isolated and contacted for measurements of the electrical resistance. Non-linear current-voltage characteristics were explained using the fluctuation induced tunneling conduction model. A clear enhancement of the conductance was induced in an insulating anatase nanotube through low-energy Ar/H ion irradiation. Confocal Raman spectroscopy shows that the annealed samples were in anatase phase and a blueshift due to phonon confinement was observed.
I. INTRODUCTION
Titanium dioxide nanotube arrays, formed by selforganizing anodization, have attracted considerable attention. These 1D structures are used in wide range of applications such as electrodes in catalysis 1 , photocatalysis 2 , dye-synthesized solar cells 3 , gas sensors 4 , photoelectrochemical water splitting 5, 6 , in batteries 7 or for CO 2 reduction 8, 9 . Biocompatible Ti 46 Si 12 O 42 nanostructured surfaces can be used to enhance cell attachment and proliferation 10 . This outstanding flexibility is a consequence of different electronic, chemical and ionic properties of anatase, brookite and rutile 11, 12 . Anatase is often more interesting for applications, such as solar cells, due to the larger electron mobility compared to rutile. 13 The combination with the large active surface area of nanostructures, results in a variety of dielectric, conducting, magnetic, catalytic and other physical and chemical properties. Doping can be used to enhance the photo catalytic activity of TiO 2 nanotubes, e.g. with W [14] [15] [16] , Au/W 17 , Co 18, 19 , or Co 15 .
The general mechanism of electron transport, particularly in nanostructures of TiO 2 , is not well studied and understood. Most of the published work focuses on macroscopic samples such as nanotubular arrays 20, 21 , where parasite effects such as contact contributions in two-point (2P) measurements or the scattering of light inside the tangle of tubes, can have considerable influence on the measurements. Depending on the contacts, non-metallic clusters (Au), Schottky barriers (Pt) or oxide layers (Al, Cr) could be formed 11 . The magnetic 22, 23 and electrical transport properties of TiO 2 depend strongly on structural defects (single crystal band gap: 3.0 − 3.2 eV 24, 25 ), such as oxygen or titanium vacancies. The transport properties can also be strongly influenced by the scattering on the sample surface, as was found for polycrystalline macroscopic arrays of TiO 2 nanotubes 26 . In addition, it was shown that, intragrain and intergrain conduction processes play an important role in disordered nanowires and nanotubes 27, 28 . Therefore, a large number of different resistivities have been reported, e.g. 34 has been proposed as a responsible mechanism in ZnO nanowires 27 , in bundles of double-walled carbon nanotubes 35 and in nanoporous TiO 2 thin films 36 . The FITC model predicts non-linear current-voltage I − V curves due to intrinsic barriers between grains in the sample 34 . Other frequently used mechanisms include variable-range hopping and thermally activated processes. However, they cannot explain the non-linear behavior of I − V curves 27 and the saturation of the resistivity at low temperature 37, 38 .
In this work, procedures to isolate single TiO 2 nanotubes and to establish barrier free contacts for electrical transport measurements are presented. The resistance of amorphous and polycrystalline anatase samples were investigated in a broad temperature range. A FITC mechanism contributes to the conductivity in all measured samples with non-linear I − V curves. Additionally, the electrical transport of a highly insulating anatase nanotube was modified by means of defect production at the surface using low-energy ion irradiation. 
II. EXPERIMENTAL
The TiO 2 nanotubes have been separated from nanotubular layers anodically grown on titanium foil (Advent Research Materials Ltd., 99.6 % purity) in an electrochemical cell with ethylene glycol electrolyte containing 0.15 M ammonium fluoride and 1 M H 2 O. The titanium foil was anodized with a potential of 60 V applied for 5 hours. Finally, the nanotubular array was placed in ethanol and dried with nitrogen gas. The grown nanotubes (see FIG. 1(a) ) are initially in the amorphous phase and were annealed in air using a Rapid Thermal Annealer (Jet-first Rapid Thermal Annealer, Jipilec, France) in order to obtain polycrystalline anatase samples. The heating/cooling rate was 15
• C/min with annealing temperatures of 350
• C and 450
• C. After annealing, the nanotubes were polycrystalline and exhibited anatase morphology, for more detailed information please refer to Refs. [39] [40] [41] . Annealing at higher tempera- tures results in mixed phases of anatase and rutile, eventually, the single nanotubes would collapse 40 . Therefore, only pure amorphous and anatase nanotubes were investigated.
Bundles of nanotubes were scratched off the foil onto commercial, p-boron doped silicon substrates (5 × 5 mm) with a 150 nm SiN x coating, see FIG. 1(b) . By applying pressure and a slow circular motion using a second substrate, some single nanotubes break off the bundles and were stuck to the substrates because of electrostatic attraction. Suitable tubes were selected using an optical microscope. In order to fix the nanotubes on the substrate and to prepare them for contacting, electron beam induced deposition (EBID) of tungsten carbide was used, see FIG. 1(c) . The deposited WC x is nearly insulating 42 and provides the necessary steps to compensate the height difference between contacts and nanotube. The substrates were covered with a positive working resist (ALL-RESIST, PMMA 950 K, AP-R 671-05) and, by means of electron beam lithography (EBL), the structures of the contacts were printed into the resist. After developing, a bilayer film composed of Cr (5 nm) and Au (35 nm) was sputtered. The PMMA was later removed by acetone. The width of the contacts exceeds the WC x steps, in order to get a potential barrier-free electrical connection. A prepared nanotube can be seen in FIG. 1(d ). An overview of the structural properties and dimensions of the nanotubes can be seen in Table I. For the transport measurements, each sample was contacted on a chip carrier placed on the cold head of a standard closed cycle cooling system inside a vacuum bell with a minimum temperature of T ≈ 30 K. The electrical resistance was measured using the four-point probe configuration with a current source (Keithley 6221) and a nano-voltmeter (Keithley 2182). The high resistance measurements were performed with a constant applied voltage using a DC source (Yokogawa 7651). The current was monitored with a shunt resistance of R s = 9.101 MΩ in series with the samples. For low temperature measurements down to T = 5 K, a commercial 4 He cryostat (Oxford Instruments) was used.
The Ar ion irradiation was done in a self-made plasma chamber with a parallel plate (copper) setup at room temperature. The chamber was evacuated to a pressure of P ≈ 0.1 mbar with an Ar/H gas mixture (Ar: 90 % and H: 10 %, Air Liquide) flowing through the chamber. The chip carriers with samples were mounted ≈ 12 cm away from the plasma center and a bias voltage of U bias = 50 V was used to accelerate the ions towards the sample, while connected to ground, and the bias current was measured. The energy used is too low to produce any relevant sputtering, which could induce a composition variation. Previously, the substrate was covered with PMMA and a window was opened to shield the contacts using electron beam lithography. The number of ions hitting the sample was estimated to be ≈ 2.2 × 10 14 Ar ions 23 . Information about the sample structure was obtained using the confocal Raman microscope alpha300R+ from WITec with an incident laser light of wavelength λ = 532 nm. The device has a lateral resolution of ≈ 300 nm and a depth resolution of ≈ 900 nm. The energy was kept at ≈ 3 mW to avoid damage caused by heating effects in the sample.
III. RESULTS
Using XRD, it was shown that the as-prepared nanotube bundles are amorphous and they transform into anatase after annealing 39, 40 . However, some single nanotubes could remain in the amorphous state. Using confocal Raman spectroscopy, single isolated samples can be investigated. According to Ohsaka et al. 43 for bulk anatase, Raman peaks can be found at 639 cm −1 , 197 cm −1 and 144 cm −1 , assigned as E g modes. B 1g modes are at 513 cm −1 and 399 cm −1 , and the band at 519 cm −1 corresponds to the A 1g mode. The Raman E g band at 144 cm −1 is the most intense peak. Our results are presented in FIG. 1(e) , the peaks correspond to the E g band, the obtained values are 148 cm −1 and 633 cm −1 , respectively, which are different compared to the above mentioned results for the bulk anatase. This band shift is known as blueshift and is caused due to phonon confinement in the nanocrystals forming the nanotube. This effect was already reported for anatase nanocrystals 44 , where the shift of the E g peak as a function of the annealing temperature was investigated. A blueshift to 148 cm −1 was obtained for nanocrystals annealed at ≈ 350
• C, which is in agreement with the annealing temperature used for the TiO 2 nanotube. From the blueshift, a crystallite size of ≈ 8 nm could be obtained 44 , which is in agreement with XRD results 40 . A (x − y) Raman scan is shown in the inset of FIG. 1(e) , where the bright shades correspond to the Raman E g band at 148 cm −1 . The electrical properties of the nanotubes depend strongly upon the phase and structural quality. A defect free TiO 2 anatase nanotubes is electrical insulating. However, due to growth conditions, defects can be introduced resulting in an electrical conductive material. For example, such defects are oxygen vacancies (self doping) produced by a reduction of TiO 2 , e.g. through electrochemical reactions, gas annealing or exposure to vacuum 40, [45] [46] [47] , due to a separation of O 2 or H 2 O from terminal oxide or hydroxide groups and bridged oxide and Ti states 46 . Many investigated nanowires and/or nanotubes exhibit non-linear I −V curves, which are usually neither discussed, nor explained in the literature 48 . Such nonohmic behavior could be due to intergrain conduction or barriers formed on the contacts used for measurements. For convenience, the measured samples in this work are sorted in three categories: polycrystalline nanotubes with linear (Section III A) and non-linear (Section III B) I − V curves, an amorphous sample (Section III C) and an insulating anatase nanotube which was treated with lowenergy Ar ions (Section III D).
A. Linear I − V curves
The TiO 2 nanotube sample NT1 shows linear I − V curves in the whole investigated temperature range, see inset in FIG. 2. Similar results were already shown in previous work 30 . The measurements were carried out using the four-point probes method. The temperature dependence of the resistance can be seen in FIG. 2 , which can be fitted using the Mott variable range hopping (VRH) model 30 :
where R 2 is an arbitrary prefactor, R 0 is a temperature independent term, the dimensionality d = 3
and T h is a characteristic temperature. From the fit, T h = (3450 ± 29) K; similar values have already been reported in the literature 30 . The density of states (DOS) at the Fermi level N (E F ) can then be calculated:
where k B is Boltzmann constant and the localization length is assumed to be in the order of ξ = 1 nm 49 . A DOS of N (E F ) ≈ 6.1 × 10 28 eV −1 m −3 was found, which agrees very well with the literature 30, 50 . The resistivity, see Table I , is very low compared to other investigated samples. The low resistivity might be a consequence of doping due to a large density of defects present in the sample.
B. Non-linear I − V curves
The current-voltage characteristics using Mott VRH and activated transport processes correspond to linear I − V curves (ohmic regime).Therefore, they fail to explain non-linear I − V curves as well as R(T ) for such samples. The conduction of the polycrystalline nanotube depends on the intragrain and intergrain conductivity. When there is no doping, the grains are insulating with an energy gap of ≈ 3 eV. At intermediate doping, the charge carriers move to the crystal defects/boundaries between the grains, which are acting as electronic traps, and thus a depletion layer is formed with a potential barrier. In this case non-linear I − V curves can be observed also when measuring with four-point probes method. At high doping levels, the material is saturated and the barrier vanishes again.
The nanotube NT2 was measured using four contacts and shows non-linear I − V curves, see inset FIG. 3. The I − V measurements were performed from T = 50 K to T = 300 K, where non-linear behavior can be observed at temperatures T ≤ 175 K and below. This can also be seen in the temperature dependent resistance measurements, which were done using I = 100 nA and I = 200 nA, at T ≤ 175 K the curves split. The nonlinearity of the I − V curves and the temperature dependence can be explained using the fluctuation induced tunneling conductance (FITC) model, which was already used to describe similar materials such as nanoporous TiO 2 thin films 36 , ZnO nanowires 27 , oxide nanostructures [51] [52] [53] , double walled carbon nanotube bundles 35 or disordered semiconductors 54 . According to the FITC model, at small applied electric fields, the temperature dependent resistance across a junction is given by
where R ∞ is a free, temperature independent parameter, and the characteristic temperatures are defined as
where ǫ 0 is the vacuum permittivity, ǫ r the dielectric constant of the barrier, e the elementary charge, k B is the Boltzmann constant, the reduced Planck constant, m the electron mass, A the area of the tunnel junction, ϕ 0 the barrier height and w is the barrier width. The characteristic energy T 1 can be regarded as the energy required for an electron to pass the barrier and T 0 is the temperature for which well below thermal fluctuations become insignificant. As stated before, the FITC model also provides the means to describe the non-linear I − V curves at different temperatures as follows 34 :
where I s and V c are the saturation current and critical voltage, respectively, and a(T ) is given as:
As can be seen from these equations, the characteristic temperatures can be obtained through fitting the I − V curves and the temperature dependent resistance R(T ). However, in order to fit the data, a temperature independent term R 0 in parallel to the FITC conduction process, has to be added. The parallel contribution is due to disorder and impurities present in the TiO 2 nanotubes. In order to fit the data and to reduce the amount of free parameters, all curves were fitted simultaneously (I − V curves and R(T )) and the corresponding parameters were taken as shared parameters for all curves. This means, that V c and I s (which depend only weakly on the temperature) are shared among the data of the I − V curves, and that T 1 and T 0 are shared among the I − V curves and R(T ) results. The data and the fits can be seen in  FIG. 3 
C. Amorphous nanotube
The temperature dependent resistance of an amorphous TiO 2 nanotube NT3 is shown in FIG. 4 . The room temperature resistance is R(295 K) = 29 MΩ, and thus much higher than the previously shown samples. Therefore, the resistance was measured with a constant applied voltage of V = 10 V and the current was monitored with a shunt resistance. This implies a two point-probes technique to be used. However, a large influence of the contacts is not expected, due to the very high resistance of the TiO 2 nanotube itself. This assumption is supported by the result of a four-point probes measurement at room temperature, which yields the same resistance as for the two-point measurement. Therefore, the influence of the contacts will be neglected. The data as well as the fits are shown in FIG. 4 , in the inset the I − V curves can be seen. As before, all measurements were fitted simultaneously. In order to fit the R(T ) data, not only the FITC model has to be assumed but also a VRH hopping contribution in parallel was needed, see Eq. (1). The shared parameters were: I s = 5.5±0.1×10
−5 A, V c = 144±3 V, T 1 = 6545 ± 50 and T 0 = 272 ± 7 K. With the characteristic temperature T h ≈ 70000 K and using Eq. (2), the DOS at E F is N (E F ) ≈ 3 × 10 27 eV −1 m −3 . This value is one order of magnitude smaller than what was obtained for TiO 2 nanotube with linear I − V curves. This together with the large values of T 1 and T 0 , i.e. large barrier height, explain the high resistance of this sample. At low temperature, the constant R 0 term in parallel which is due to impurities/defects, dominates the transport.
D. Ar ion irradiated nanotube
In order to investigate the influence of defects on the transport properties of polycrystalline anatase TiO 2 nanotubes, an almost insulating sample was chosen (see results in FIG. 5) , indicating a high quality of the crystalline structure. The sample NT4 has been irradiated using an Ar/H plasma. The results after irradiation of the temperature dependent resistance measurements and I − V curves can be seen in FIG. 5 and its inset. The used energy of the plasma ions of 50 V and, according to SRIM simulations, the resulting penetration depth is ≈ 5 nm, implying that the nanotube is modified only at the surface 23, 27 . The sample consists then of an insulating polycrystalline nanotube surrounded by a conduct- ing TiO 2 shell. The FITC model is suitable to describe such systems, which is in agreement with the non-linear I − V curves. Although the sample was irradiated homogeneously, the conduction can be well described by the FITC model. This indicates that the defects produced in the grains induce finite conductivity, yet the regions between the grains, i.e. the grain boundaries, remain insulating and are less affected by defects. The sample was measured using the two-point probes method and shunt resistance. Due to the high intrinsic resistance, the contact contribution is neglected. The I−V curves and R(T ) were fitted as before, using the characteristic temperatures T 1 and T 0 and the saturation current I s and critical voltage V c as shared parameters. The model to fit the data was the same as for the other polycrystalline sample with non-linear I − V curves, i.e. the FITC model in parallel with a temperature independent residual resistance. The obtained parameters are I s = 7.9 ± 0.6 × 10 −6 A, V c = 116 ± 10 V, T 1 = 3106 ± 80 and T 0 = 206 ± 4 K. This indicates a larger barrier height compared to the other polycrystalline samples. The estimated resistivity, see Table I , is larger than of sample NT2, indicating a relative low defect production probability with the used energy.
IV. CONCLUSION
Several anodically grown amorphous and polycrystalline TiO 2 nanotubes were isolated and prepared for the measurement of their electrical transport properties. Raman spectroscopy reveals that the investigated anatase samples are homogeneous and polycrystalline with a grain size of a few nanometers. For nanotubes with linear I − V characteristics a VRH transport mechanism explains the measured behavior. In order to describe the R(T ) and non-linear I − V curves, the FITC as well as the VRH model are used. Using four contacts, non-linear I − V curves were measured, which can be explained considering a barrier formed at the interfaces between the grains. The fluctuation induced tunneling conductance describes the resistance results as well as the non-linear I − V curves for the polycrystalline TiO 2 nanotubes. A combination of the FITC model and VRH was used for the analysis of the resistance of an amorphous nanotube. The contacts on the crystalline samples are ohmic, i.e. there is no barrier, which is important for future studies and applications. An insulating sample was irradiated with low-energy Ar/H plasma, and a large change in the resistivity was produced. This provides the possibility to modify the electrical transport properties of individual TiO 2 nanotubes through controlled irradiation with ions. In this work, the preparation of single TiO 2 nanotubes with ohmic contacts for electrical transport measurements was demonstrated, which opens new possibilities for future applications. I. Hadjiivanov and D. G. Klissurski, Chem. Soc. Rev 25, 61 (1996) .
